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Abstract: Israel’s water and vegetative agriculture sectors are interdependent, as the latter constitutes
the solution for wastewater disposal. We employ a dynamic mathematical programming model
that captures this interdependence for evaluating the economic damage of irrigation water salinity
under two strategies of blending water sources with different salinities: field blending, which enables
farmers to assign water with a specific salinity to each crop, and regional blending, under which all
crops experience similar water salinity. Relative to field blending, the buildup rate of desalination
under regional blending is slightly expedited; nevertheless, reallocations of water sources across
sectors and crops increase the average irrigation water salinity, and the overall welfare decreases by
USD 0.08 per cubic meter of irrigation water—about 20% of the water’s average value of marginal
product. Salinity-sensitive crops will face the largest per hectare production reduction if regional
blending replaces field blending; however, the combined variations in the prices of irrigation water
and agricultural outputs may motivate farmers to move irrigation water to these crops. Under
equilibrium conditions in the two sectors, a 1% increase in the average salinity of the irrigation water
supplied to a region reduces the value of the marginal product of that water by 2.4% and 1.6% under
field and regional blending, respectively.
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1. Introduction

For thousands of years, man has been coping with salinization processes in irrigated
agriculture [1], which is the main consumer of water worldwide, accounting for nearly
70% of the total global water withdrawal [2]. This problem continues to worsen, and
today, 25-30% of the world’s irrigated lands in more than 100 countries are affected by
salt [3,4]. Population growth, which increases the demand for both food and freshwater for
domestic use, further contributes to this growing challenge, as it incentivizes the expansion
of irrigated lands and the use of non-freshwater sources such as brackish water and treated
wastewater (TWW) for irrigation [5]. These processes are further augmented by climate
change, which increases irrigation needs due to higher vapor—pressure deficits [6] and
reduces the natural enrichment of freshwater sources [7]. Moreover, the common agronomic
solution to salinization is to apply excess amounts of irrigation water to leach the salts below
the root zone [8]. However, that method gradually increases the salinity of groundwater
bodies [9] and consequently counteracts its original purpose. The use of desalination, which
is a remedy for both the growing water shortage and salinization, is steadily increasing [10],
but it consumes a great deal of energy and entails high brine disposal costs [11].

The processes described above reflect a strong linkage between agricultural irrigation
and the supply of water to different users—a link that should be accounted for in the design
of sustainable and economically viable solutions to the problems of water shortages and
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salinization. This study focuses on irrigation practices in agricultural regions with access to
several water sources of different salinities and evaluates the impact of these practices on
water management in a multiregional water distribution network. Specifically, we evaluate
the economic damage caused by salinity under different strategies for blending irrigation
water sources with different salinities. We focus on the case of Israel—a country equipped
with a complex water supply system and a large agricultural reliance on non-freshwater
sources such as TWW and brackish water, which together, constitute about 60% of the
country’s total irrigation water. Our economic analysis accounts for the impact of blending
options on agricultural cropping patterns, optimal long-term management policies, and
the development of the Israeli water supply system.

Despite the vast agronomic literature on the production impacts of irrigation water
mixtures (e.g., recent agronomic studies explore the impact of conjunctive use of water
resources [12,13], employ GIS for assessing salinity impacts under different irrigation
practices [14], and measure the impacts of water irrigation strategies on soil and plant
properties [15]), economic analyses of that issue are scarce. Parkinson et al. [16] were
probably the first to economically evaluate water blending options. Knapp and Dinar [17],
Dinar et al. [18], Kan et al. [19], and Kan [20] employed field-level models to study the
profitability of mixing water sources with different salinities for the irrigation of specific
crops. Feinerman and Yaron [21] and Kan and Rapaport-Rom [22] incorporated blending
options in regional-scale models, in which the land allocation across crops was endogenous.
However, all of these studies assumed exogenous water supplies and therefore overlooked
the implications of water management strategies within agricultural regions on the water
economy as a whole. The contribution of this paper is the introduction of the nexus between
the agricultural and water sectors into the economic analysis of water blending strategies.

The linkage between the intraregional management of irrigation water and the design
of economy-wide water-supply systems is of particular importance in water economies
that supply water to different users from multiple sources and/or where the recycling of
domestic TWW in irrigated agriculture creates a strong interdependence between the two
sectors. In such water economies, the optimal allocation of water across users depends on
their demands for the various water sources, where the demand of any farming region for
different water types depends on the irrigation practices in that region. This is the case
in Israel, where the water distribution network connects almost all users and sources in
the country. That connectivity implies that water usage at a particular place and time may
have opportunity costs, as it cannot be used for other purposes at alternative locations and
times [23].

Hydroeconomic models provide a powerful tool to analyze water management prob-
lems on different scales and under various spatiotemporal conditions (see [24-34]). How-
ever, to the best of our knowledge, the only hydroeconomic model that incorporates salinity
considerations in the allocation of water to urban and agricultural users is the MYWAS-
VALUE (Multi Year Water Allocation System-Vegetative Agricultural Land Use Economics)
model, which was developed by Slater et al. [35] for the case of Israel. Slater et al. [35]
employed MYWAS-VALUE to evaluate the societal deadweight loss entailed by overlook-
ing the impact of salinity on agricultural production in the design of water infrastructures.
However, the model presumes regional irrigation water blending; that is, all of the inflows
of water sources into any agricultural region are mixed before they are applied to the irri-
gated crops. This assumption has two drawbacks: first, compared to field-level blending,
regional water blending may increase the detrimental impact of salinity on agricultural
production because it affects all of the irrigated crops in any given region, including both
salinity-tolerant and salinity-sensitive ones. Consequently, the exaggerated salinity damage
may motivate the faster-than-optimal expansion of desalination capacities. Second, it turns
out that farmers in Israel rarely blend irrigation water from different sources (personal com-
munication; Anat Levingert, Senior Manager of the Consulting and Professional Service of
the Israeli Ministry of Agriculture (Shaham)). Thus, designing the long-term development
of water infrastructures under the assumption of the regional blending of irrigation water
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sources may yield results that both inflate the agricultural damage incurred due to salinity
and that are inconsistent with reality.

In this paper, we analyze two irrigation water mixing scenarios: field blending (FB)
and regional blending (RB). The difference between the scenarios with respect to the
intraregional water supply system is illustrated in Figure 1 for a hypothetical region,
in which farmers grow five crops and have access to three water sources with different
salinities: freshwater, TWW, and brackish water. Under FB, farmers can select a specific
combination of the three sources for each crop, whereas the RB scenario implies one
combination for all crops. Note that, while both scenarios do not preclude the non-blending
option, avoiding blending in the RB case implies that only one water source is used in the
entire region, whereas the FB scenario enables farmers to use all of the water sources that
are available to them by assigning a single water source to each crop.

Field Blending Regional Blending

( N\
Freshwater AU Brackish Freshwater e Brackish
Wastewater Water Wastewater Water
- y,

Crop Crop Crop Crop Crop Crop Crop Crop Crop Crop
1 2 3 4 5 1 2 3 4 5
Agriculture Region Agriculture Region

Figure 1. Schematic illustration of the field and regional blending scenarios in an agricultural region
with five crops that can be irrigated by three water sources with different salinity levels: freshwater,
treated wastewater, and brackish water.

Our analysis is based on the MYWAS-VALUE framework. We first calibrate the model
under the FB assumption to reproduce the observed situation in a baseline year (2019).
Then, we run the model under the FB and RB scenarios for a period of 30 years. We found
that switching from FB to RB slightly expedites the development of desalination plants,
but the average irrigation water salinity increased due to the reallocation of water sources
across sectors and crops. Although salinity-sensitive crops face the largest reduction in per
hectare production, the combined impact of changes in the (endogenously determined)
prices of irrigation water and agricultural outputs motivates farmers to shift more water
and land to the production of these crops.

We consider three measures of the economic damage caused by salinity under the two
blending scenarios. The first measures the reductions in the agricultural production value
caused by the design of water infrastructures that ignore the impact of irrigation-water
salinity on agricultural production. This reduction amounts to USD 1195 and USD 1326 per
hectare under the FB and RB scenarios, respectively (all monetary values are in terms
of the 15th year of the 30-year planning horizon). The second measure is based on the
negative relationship between the irrigation water value of the marginal product (VMP) in
an agricultural region and the average salinity of the region’s irrigation water; on average,
the VMP decreased with the salinity by USD 0.39 and USD 0.30 per dS m~! per cubic
meter of irrigation water for the case of FB and RB, respectively, or by —2.4 and —1.6 in
terms of elasticity (note that both VMP and salinity are endogenous in MYWAS-VALUE).
The last measure computes the marginal damage caused by salinity based on the shadow
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values of the salt-balance constraints along the water delivery system; a salinity increase of
1dSm~! costs USD 525 and USD 534 million a year for the whole country under FB and
RB, respectively. Per cubic meter of irrigation water, we achieved USD 0.42 per dSm™!,
with minor differences between the blending scenarios being observed.

The following section briefly describes the MYWAS-VALUE model; Section 3 compares
the results under the two blending scenarios and discusses the three measures of the
economic damage of irrigation water salinity; Section 4 concludes the paper, and Section 5
discusses the limitations of the analysis and avenues for future research.

2. Methods

The Israeli water supply system was designed to cope with challenges associated with
temporal and spatial water distribution. Natural freshwater sources are enriched during
the winter, whereas most of the consumption occurs in the summer; this pattern requires
water storage. The water delivery system was originally designed to transfer water from
the rainier northern parts of the country to the populated center and for irrigating the large
agricultural lands in the south. Since 2005, with the installation of desalination plants on
the Mediterranean coast, the supply has been gradually shifted to a west-east direction.
As a public property, water is centrally managed by the government, which designs the
supply and controls consumption through a set of prices, quotas, and pumping licenses [36].
These physical and legislational structures imply that the government is facing a water
management optimization problem that integrates dynamic and spatial dimensions. The
MYWAS-VALUE model was developed to solve such problems.

MYWAS is a dynamic model of the Israeli water system, and VALUE represents the
activities in the vegetative agricultural regions as incorporated into MYWAS. MYWAS
encompasses 21 urban regions that consume freshwater for domestic and industrial uses
and 18 agricultural regions that can consume freshwater, TWW, and brackish water. The
water sources are represented in the model by 19 naturally enriched freshwater stocks,
5 seawater desalination plants, 4 non-enriched brackish water aquifers, 19 wastewater
treatment plants, 163 freshwater pipelines, and 74 pipelines for sewage, TWW, and brackish
water. MYWAS determines the socially optimal allocation of water types to the demand
regions during each period throughout a predetermined planning horizon while also
accounting for the welfare of the water users in those regions, the variable supply costs, the
constraints associated with water availability in the sources, and the infrastructural capacity
constraints. In addition, the model determines the extent to which each infrastructural
water element is extended during each period while weighing the investment costs versus
the net benefits associated with the extended capacities in future periods.

VALUE is a positive mathematical programming (PMP) model of MYWAS's 18 agricul-
tural regions. Each region incorporates 55 crops whose output prices constitute equilibrium
in the statewide markets for industrial, export, and local fresh vegetative products that
are assumed to be competitive. The crop production functions account for the salinity of
the water supplied to each crop. The land allocations to the crops in the regions maximize
social welfare subject to regional input constraints, where social welfare incorporates the
surpluses of the consumers of agricultural products minus the production costs. The
constrained inputs in each region include land, foreign workers (who are allocated to
farmers based on cropping patterns), and the amounts of water delivered to the region
from accessible sources; the latter is determined by MYWAS.

Population growth shifts the demand for water in urban zones and the country-wide
demand for vegetative agricultural products to the right, thereby driving the dynamic
expansion of water supply infrastructures. The model tracks the salinity concentrations
along the water supply system and can control the salinity of the irrigation water in each
agricultural region by increasing desalination capacities and/or changing the shares of
allocated water from the different sources accessible to the region. The model reports the
efficiency water prices at any node of the water distribution network, which are equal to
the shadow price of the water at this node. In addition, it reports the irrigation water’s
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VMP, which depends on its salinity. Of course, for an optimal allocation, the efficiency
water price and the VMP are equal. Based on the efficiency prices, the model reports the
allocation of welfare among the urban and agricultural water users, the water suppliers,
and the consumers of agricultural outputs (this presumes that prices are the exclusive
water allocation instrument in the water economy; in practice, this is the case in Israel,
although prices are higher than optimal because of cost recovery regulations [29]). Our
scenarios span a 30-year period, which we divide into 10 equal sub-periods to reduce the
computational burden; each period is referred to by its last year.

The version of MYWAS-VALUE that is employed in this study was calibrated based
on 2019 data (the model is available as a Supplementary Material to this paper). A detailed
description of the model is provided by Slater et al. [35]; the rest of this section describes
the recalibration of the VALUE model under the FB assumption, which replaces the RB
specification based on which the version of the model in Slater et al. [35] is calibrated.

Our challenge is to calibrate VALUE in the absence of field-level information regarding
the actual allocation of water types to the crops in each region—an allocation that is assumed
to be optimal in the prevailing situation. To that end, we employ a multistage calibration
procedure that involves the optimal assignment of the water sources accessed by a region
to the crops grown therein while accounting for the crops’ relative salinity tolerance and
profitability. Specifically, we introduce a preliminary stage to the commonly used two-stage
procedure applied for the calibration of classical PMP models [37]. In this preliminary
stage, water types are optimally allocated to each crop subject to their respective regional
water availability constraints, where the land allocated to each crop is kept constant at its
baseline level. Note that our production function for each crop is a nonlinear function that
relates the per hectare yield to the per hectare annual water application and the salinity
level of the applied water (as in Slater et al. [35], the per hectare annual amount of water
applied to each crop is constant, and therefore only changes in the salinity of the water
assigned to each crop affect its per hectare yield); thus, changes in the type of water applied
to a crop vary its per hectare outputs. Therefore, the preliminary calibration stage optimally
assigns the water sources to the crops and sets the production function parameters so as
to reproduce the per hectare yield reported in crop budget reports (see Appendix A for a
formal description of the preliminary calibration stage). Then, we apply the first stage of
the PMP calibration procedure, which elicits the dual values of the perturbed crop-specific
land constraints. Note that to obtain the correct dual values, one should also incorporate
the water allocations to the crops as decision variables, which renders the optimization
problem of that stage nonlinear (in contrast to the first-stage linear problem of the original
PMP procedure). The rest of the calibration process follows the second stage of the PMP
procedure as well as the calibration of the demand functions for agricultural products and
urban water usage (see [35]).

The outcome of the preliminary calibration stage with respect to the optimal allocation
of irrigation water types to crops involves minimal blending; that is, each crop is irrigated
by only one water type, where mixtures are assigned to a few crops to meet the availability
constraints associated with the regional water sources. While this qualitative result was
already shown by Kan and Rapaport-Rom [22], here, the water allocation to crops is
optimal rather than imposed by other criteria (e.g., Kan and Rapaport-Rom [22] employed
a hierarchical procedure to assign water types to crops). Figure 2 presents the allocation of
the irrigation water types—desalinated freshwater (EC = 0.25 dS m~!), fresh groundwater
(EC =1dS m™1), TWW (EC = 1-1.77 dS m!), and brackish water (EC = 2.35-4.0 dS
m~1)—to four groups of crops classified according to their sensitivity to salinity: sensitive,
moderately sensitive, moderately tolerant, and tolerant [38]; as expected, the higher the
salinity tolerance of the crops, the higher the salinity of the irrigation water allocated
to them.
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Figure 2. Optimal allocation of the four irrigation water types that differ in terms of their salinity
levels to four groups of crops with different salinity tolerances.

3. Results

We used the calibrated MYWAS-VALUE model to evaluate the impact of RB versus
FB on the optimal inter-regional water allocation policies, the development of water infras-
tructures, the agricultural activities of the farmers, and the economic welfare of the country.
In the analysis, we refer to the role of adaptation by the farmers through the reallocation of
their lands to the crops. We first describe the implications on the water supply patterns
associated with the switch from FB to RB. Then, we present the allocation of welfare in
the economy under the two scenarios and explain the welfare differences between the two
scenarios by analyzing the farmers” adaptations through land and water allocations. Finally,
we present three alternative measures to determine irrigation water salinity damage.

3.1. Water Supply

It turns out that the intraregional strategies with respect to irrigation water blending
only have a minor impact on the water supply patterns in the country as a whole; the
total amount of water supplied to all users varies by less than 1% between the FB and RB
scenarios. While minor, these changes correspond to the hypothesis that the salinity impact
under the RB assumption is exaggerated: the buildup of seawater desalination capacity
under the RB scenario is expedited (Figure 3). Consequently, for a short period of time
during the middle of the planning horizon, desalinated water replaced some of the natural
freshwater and thereby reduced the salinity of the total supplied freshwater. In addition,
the agricultural sector obtains slightly larger amounts of freshwater, whereas the freshwater
quantities supplied to the urban sector decrease somewhat (not shown).

3.2. Welfare

The welfare implications of imposing RB instead of FB are summarized in Figure 4,
which shows the associated average annual welfare changes (RB minus FB) expected for the
various sectors (urban water consumers, consumers of agricultural products, farmers, water
suppliers and the overall welfare; the welfare elements represent the annual discounted



Water 2022, 14,917 7 of 15

values, averaged over the planning horizon). In addition, to elicit the impact of agricultural
adaptation, we compared the two blending alternatives while assuming that farmers do
not adapt to changes over time by reallocating their land to different crops; these scenarios
are termed as FBNA and RBNA (NA stands for “no adaptation”) in the figure.

1400
1200 J‘\/\
1000
T!-
< 800
D
>
eE 600
[}
o
400
200
0
0 3 6 9 12 15 18 21 24 27 30 33
Year
FB - Desalinated Freshwater FB - Natural Freshwater

=R B - Desalinated Freshwater = ====RB - Natural Freshwater

Figure 3. Trajectories of freshwater types supplied from desalination plants and natural sources
throughout the simulated 30-year period under the FB and RB scenarios.

Welfare Effects of Regional Blending versus Field Blending
150

100
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-100

10° $ year™!

-150
Consumers of  Consumers of Farmers Water Suppliers Welfare
Urban Water Agricultural
Products

ORB minus FB @ RBNA minus FBNA

Figure 4. Differences in welfare elements computed under the field blending (FB) and regional
blending (RB) scenarios when agricultural land adaptation is allowed (RB minus FB) and not allowed
(RBNA minus FBNA).
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The overall welfare change is nearly USD 100 million a year—about 5% of the total
variable water supply costs. On average, the deadweight loss amounts to USD 0.08 per
cubic meter of irrigation water. Most of the burden associated with imposing RB falls on
the water suppliers; as it will be shown later, this loss is due to lower efficiency water prices,
which stem from the higher salinity of the irrigation water and consequently, its lower VMP.
With no adaptation (RBNA minus FBNA), most of the welfare loss caused by RB versus FB
is experienced by the farming sector, whereas the consumers of urban water benefit from
this situation. Thus, by reallocating agricultural land and irrigation water across crops,
farmers manage to reduce their welfare loss by 85% (see Section 3.3).

3.3. Land and Water Management

To understand the welfare changes reported in Figure 4, it is important to study
agricultural land and water management decisions with respect to the four salinity tolerance
groups presented in Figure 2 as well as the group of rain-fed crops. Figure 5 shows the
shares of these five groups in terms of the country’s total agricultural land, irrigation water,
production value, and profit. While 26% of the land is allocated to salinity-sensitive crops,
this group consumes more than 50% of the irrigation water, and accounts for 40% of the
total profit. In comparison, the moderately sensitive crops are also responsible for 40% of
the profits but consume more land and less water. The other groups of crops produce about
20% of the profits, with relatively little water consumption.

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
Land Water Production Value Profit
W Salinity-Sensitive Crops B Moderately Salinity-Sensitive Crops
B Moderately Salinity-Tolerant Crops O Salinity-Tolerant Crops
O Rain-Fed Crops

Figure 5. Shares of the groups of salinity-tolerant/sensitive crops and rain-fed crops in the state-wide
total agricultural land, irrigation water use, production value, and profit at the calibration stage.

In essence, the shift from FB to RB increases the salinity of the irrigation water for
salinity-sensitive crops and reduces that of irrigation water for salinity-tolerant ones. In
Figure 6, we report changes (RB minus FB) for a range of measures associated with that
shift in relation to the five groups under consideration. Figure 6a shows that the salinity-
sensitive crops obtain larger amounts of TWW and less freshwater under RB, whereas all
of the other groups face the opposite change. Consequently, the average salinity of the
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irrigation water applied to the salinity-sensitive crops under RB increases compared to FB,
and that of the irrigation water for the other groups declines (Figure 6b); this is because
the salinity-sensitive crops consume more than half of the irrigation water (Figure 5), and
therefore, on average across all groups, the salinity of their irrigation water increases
from 1.11 to 1.16 dS m~!. Figure 6b also shows that the changes in the average VMPs
of the irrigation water types are opposite to those of the salinity-sensitive crops (except
for the moderately salinity-sensitive crops, in which the change in the average VMP is
slightly negative). As previously mentioned, the VMP constitutes the efficiency price of
the irrigation water in our model such that lower VMPs imply lower prices; because the
salinity-sensitive crops consume most of the water, the average water price declines by 10%
(from USD 0.42 to USD 0.38 per cubic meter), and the number of payments delivered to the
water suppliers by the agricultural sector decrease. Although urban water consumers face
a slight price increase—and therefore their total welfare diminishes (Figure 4)—the overall
profit of the water suppliers declines (Figure 4).
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Figure 6. Differences between the RB and FB scenarios (RB minus FB) with respect to (a) irrigation
water use, (b) salinity and VMP of irrigation water, (c) changes in Laspeyres quantity and price
indices, and (d) land allocation, per hectare profit, and total profit—all reported for the groups of
crops classified based on their salinity tolerance.

Figure 6¢ presents changes in the Laspeyres quantity and price indices (FB = 100), and
Figure 6d reports the respective changes in land allocation and profits. The per hectare
quantity index (computed by holding both the land allocated to the crops and their prices at
their values under the FB scenario fixed) of the salinity-sensitive crops exhibits the largest
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reduction; however, because the land allocated to these crops increases (Figure 6d), the
overall quantity of the salinity-sensitive crops” production declines only slightly. In turn,
the output prices of these crops increase. Increasing the share of the salinity-sensitive
crops in the total agricultural land entails less water for all of the other irrigated crops, and
therefore, their share of the land shrinks, and they are replaced by rain-fed crops. Similarly,
the combinations of changes in land and the per hectare productivity of the other groups
dictate the overall quantity and price changes (Figure 6c), and, in turn, the per hectare
profitability and total profit (Figure 6d).

In terms of per hectare profit, even after adaptation through a change in the crop
portfolio, the growers of salinity-sensitive crops lose the most from the shift from FB to
RB; farmers who grow moderately salinity-sensitive crops show a slight loss, and all other
crops benefit. So why is more land allocated to salinity-sensitive crops? We explain this
phenomenon using the differences across the crop groups with respect to the relationships
between production and output prices, which affect the equilibrium in the markets for
agricultural products. On average, the demand elasticity (computed here by dividing the
change in the price index by that in the quantity index) of the salinity-sensitive crops is two
orders of magnitude larger than that of the other groups; this is because the prices of most
of the crops in that group are determined at equilibrium in the agricultural markets for fresh
products, which are subjected to import tariffs. Thus, the lower per hectare production of
the salinity-sensitive crops will increase the output prices of those crops, thereby increasing
their per hectare profitability and motivating farmers to increase their land share; this, in
turn, will moderate price changes until equilibrium is reached. As shown in Figure 4, for
farmers, the land reallocation benefits amount to USD 115 million a year—about 7% of their
profits under the FB scenario.

3.4. Salinity Damage

Here, we discuss three ways to measure irrigation water salinity damage. The first
follows Slater et al. [35] and uses the MYWAS-VALUE to evaluate salinity damage in the
context of water infrastructure development. In that work, two optimal infrastructural
development scenarios were compared: one accounting for changes in irrigation water
salinity throughout the planning horizon and the other considering fixed salinity; the
difference between the two scenarios reflects the damage associated with salinity when it is
ignored when designing water infrastructures. The assessment of that damage in terms of
the value of agricultural produce in Slater et al. [35] was USD 1200 per hectare. By repeating
the evaluation procedure under the FB and RB scenarios, we obtained per hectare damage
of USD 1195 and USD 1326, respectively, i.e., an additional USD 131 per hectare due to RB.

Another way to express the economic damage caused by the salinity of irrigation water
is to measure the relationship between salinity and the VMP of the irrigation water. To that
end, we use the variability in the water VMPs and salinities across the agricultural regions
that were incorporated into MYWAS-VALUE. In panels (a) and (b) of Figure 7, we plot the
regional average VMP of the irrigation water versus the respective average salinity levels
under the FB and RB scenarios (the data reported in Figure 7 exclude the most southern
region, Arava, which is both detached from the country’s main water distribution network
and is characterized by extremely dry conditions). The regional irrigation water VMPs
vary between USD 0.6 per cubic meter to almost zero across regions, with an average of
USD 0.34 and USD 0.31 per cubic meter under FB and RB, respectively. Notice the larger
variability in the regional average salinities under RB, which stems from the low usage
of saline water in some regions with high shares of salinity-sensitive crops. The linear
trendlines fitted to the data indicate a clear negative relationship between the water VMP
and salinity, with a steeper slope under FB compared to under RB. On average, a salinity
increase of 1 dS m~! reduces the water VMP by USD 0.39 and USD 0.30 per cubic meter
for the cases of FB and RB, respectively. In terms of elasticity, a 1% increase in the average
salinity of the irrigation water supplied to a region reduces the value of marginal product of
that water by 2.4% and 1.6% under field and regional blending, respectively (we obtained
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elasticities by estimating the equation In(VMP;) = a + pIn(salinity;) + ¢;, in which i is the
region index, « is the intercept, and the slope coefficient B represents the elasticity).
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Figure 7. Regional VMPs of irrigation water and its salinity plotted against regional average salinities
under the field blending and regional blending scenarios.

Recall that both the regional salinity and VMP of the water are endogenous in the
model, and therefore, the curves depicted in Figure 7 represent the socially optimal relations
between these measures rather than the marginal impact of salinity on the VMP. Our third
measure of salinity damage is the VMP of the salinity itself; that is, the extent to which
irrigation water with a higher salinity reduces the value of the agricultural production in a
region. The VMP of the salinity is the shadow value of the salt balance constraint, which
imposes equality between the amount of salt carried by the irrigation water supplied to
a region and the salt content of the irrigation water applied to the crops. We obtained
a welfare reduction of USD 525 and USD 534 million a year for a salinity increase of
1 dS m~! under FB and RB, respectively. In panels (c) and (d) of Figure 7, we plotted the
regional VMP of salinity divided by the regional amount of irrigation water (the units are
USD (dS m~1)~! m~3) against the regional average salinity. Per average cubic meter of
irrigation water, the VMP of the salinity is similar under both scenarios, amounting to
about USD —0.42 per dS m~!. The trendlines fitted to the data indicate that the salinity
is characterized by diminishing marginal damage, where a salinity increase of 1 dS m!
reduces the marginal damage by USD 0.21 and USD 0.23 per dS m~! per cubic meter of
irrigation water under the FB and RB scenarios, respectively.
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4. Conclusions

Based on the context of Israel, this paper shows that the management of irrigation
water within the agricultural sector affects the optimal management of water in the water
supply sector, and vice versa, and hence, the importance of accounting for the interrela-
tionships between these sectors in the evaluation of economic damage due to irrigation
water salinity. We used a mathematical programming model of the Israeli agriculture and
water sectors to compare two intraregional irrigation water blending methods: blending at
the field level, which enables a specific water salinity to be set for every crop, and regional
blending, under which all crops obtain water with the same salinity. We found that enabling
field-level blending reduces the land allocated to salinity-sensitive crops and increases
welfare by USD 0.08 per cubic meter, which is about 20% of the average VMP for irrigation
water. However, blending has been found to be suboptimal; this means that the welfare
losses associated with regional blending could be avoided if regions were separated into
sub-regions, each assigned to a different water type and a different set of crops. We evaluate
the average salinity damage per cubic meter to be in the range of USD 0.30 to USD 0.42 per
dS m~! depending on the method employed to evaluate the damage and the irrigation
water blending scenario.

5. Discussion

This study focuses on salinity as a single quality measure of irrigation water. However,
in water-scarce areas, TWW has become a significant water source that renders salinity
but one of many water quality measures. Compared to freshwater irrigation, the reuse of
TWW in agricultural applications can harm agricultural production [39], degrade output
qualities [40], and threaten the environment [41]. In response, TWW irrigation incentivizes
stricter TWW quality standards [42] and attracts the development of new agricultural
production technologies [43] and wastewater treatment methods [44]. Moreover, the
supply of TWW is more stable than that of natural freshwater [45], and TWW contains
nutritional elements that can partially replace fertilizers [46]. These processes have the
potential to alter the use of irrigation water sources as well as the damage caused by salinity.
To comprehend this, suppose that new regulations impose strict micropollutant standards
that can only be met by the desalination of a large fraction of the generated TWW; in this
case, the damage caused by salinity would become smaller and less sensitive to salinity
changes. This implies that future economic studies of agricultural and water management
should account for the interrelations across multiple water-quality measures.

Supplementary Materials: All the data used in this research have been incorporated into the MYWAS-
VALUE model, which is available at: https://zenodo.org/record/3702053# Xx1jpSgzZPZ (accessed
on 3 January 2022).
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Abbreviations
EC Electrical Conductivity
FB Field Blending

FBNA Field Blending No Adaptation

MYWAS  Multi Year Water Allocation System

PMP Positive Mathematical Programming

RB Regional Blending

RBNA Regional Blending No Adaptation

TWW Treated Wastewater

VALUE  Vegetative Agricultural Land Use Economic
VMP Value of Marginal Product

Appendix A. Preliminary Calibration Stage

Consider an agricultural region in which farmers grow O crops. The region has access
to freshwater, TWW, and brackish water, the regional consumptions of which are limited to
the amounts denoted Qf, Q" and QY, respectively, and their respective prices are p/, p", and
pt, where pf > ph > pP. Let qj; ,q", and g% denote the per hectare annual water applications
of freshwater, TWW, and brackish water to crop o (0 = 1, ..., O), respectively, where the sets
¢ = <q{, ey q{j) ,q" = (qﬁ’, ceey q}(‘)) ,and q* = (qﬁ’, ey q’é) are defined accordingly. The
total per hectare annual application to crop o, w,, is considered constant. The production
function is given by 6,¢, (q{; ,q8, qh) , in which 6, is a parameter for calibration, and e, (e) is
the evapotranspiration function of crop o, which is taken from Slater et al. [35]. The salinity
of brackish water is higher than that of TWW), the salinity of which is higher than that of

freshwater; therefore, gi} > % > gﬁ > 0. We denote by x,, the land allocated to crop o,
To 0 0

which is fixed at the preliminary stage. With the above setting, we first solve the nonlinear
optimization problem

I

s = Bl o) ol i-d]
s.t.
g g+t =w, Vo=1,...,0 (A2)
> f
Zxo‘% < Qf (A3)
0=1
o < O Al
Yoy < Q (A4)
o=1
> b o A
Zxo% = Q ( 5)
o=1
9/.q4".q">0 (A6)

where the initial values of qg , qé‘, and qlg’ are set based on the shares of Qf, Q", and QY in the
total regional water Qf+ Q" + QF, and the parameter 6, is set so as to equate the computed
yield to the observed one Y,:

0060 (q];,qf)’,qf,’) =Y,Vo=1,...,0 (A7)

The resultant optimal water allocation sets ¢/*, q* and q”* are then used fto recali-
brate 6, based on Equation (A7).
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